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The maintenance of an appropriate number of
telomere repeats by telomerase is essential
for proper chromosome protection. The action
of telomerase at the telomere terminus is regu-
lated by opposing activities that either recruit/
activate the enzyme at shorter telomeres or
inhibit it at longer ones, thus achieving a stable
average telomere length. To elucidate the
mechanistic details of telomerase regulation
we engineered specific chromosome ends in
yeast so that a single telomere could be sud-
denly shortened and, as a consequence of its
reduced length, elongated by telomerase. We
show that shortened telomeres replicate early
in S phase, unlike normal-length telomeres,
due to the early firing of origins of DNA replica-
tion in subtelomeric regions. Early telomere
replication correlates with increased telomere
length and telomerase activity. These data re-
veal an epigenetic effect of telomere length on
the activity of nearby replication origins and
an unanticipated link between telomere replica-
tion timing and telomerase action.
INTRODUCTION
Telomeres provide a protective cap on chromosome ends
by assembling a nucleoprotein structure on tandemly ar-
rayed short DNA (TG) repeats (de Lange, 2005). A stable
number of these repeats are maintained by the reverse-
transcriptase-like telomerase enzyme, which counteracts
the loss of terminal repeats that normally takes place in
telomerase-deficient cells due to the inability of linear
chromosomes to fully replicate their ends (Autexier and
Lue, 2006). Indeed, the absence of telomerase generally
results in progressive telomere shortening with each cell
division. Loss of a critical number of TG repeats eventually
leads to activation of DNA-damage-checkpoint pathways
and to cellular senescence or apoptosis, with important
implications for human disease (Blasco, 2005).
Genetic and biochemical analyses in budding yeast
have made it clear that the presence of a catalytically ac-tive telomerase is not sufficient to guarantee telomerase
activity at chromosome ends. Instead, additional protein
factors are required to deliver telomerase to the telomere
or to activate it through an as-yet-unidentified mecha-
nism. The single-stranded TG-repeat DNA-binding protein
Cdc13, which is enriched at telomeres in late S phase
(Taggart et al., 2002), a time when telomerase acts at telo-
mere ends (Marcand et al., 2000) and when long TG-rich
single-stranded overhangs are present (Wellinger et al.,
1993b), is thought to be responsible for the recruitment
of telomerase to the telomere (Bianchi et al., 2004;
Pennock et al., 2001). The Cdc13-dependent recruitment
of telomerase appears to be mediated by a direct interac-
tion between Cdc13 and Est1, a telomerase-associated
protein that also binds to telomeres preferentially in late
S phase, although an alternative function of Est1 in acti-
vating, rather than recruiting, telomerase has also been
proposed (Taggart et al., 2002).
Yeast telomerase does not act on each telomere at
every cell cycle, but instead it elongates telomeres only
infrequently. Importantly, the likelihood of it acting at a par-
ticular telomere is inversely correlated with the length of
that telomere (Teixeira et al., 2004). These findings are
consistent with an in cismechanism of negative regulation
by the telomeric complex on telomerase that has been
proposed to rely on the ‘‘counting’’ of telomere-bound
negative regulators, with the number of these being
dictated by the length of the array of telomeric repeats
(Cooper et al., 1997; Marcand et al., 1997; van Steensel
and de Lange, 1997). In both yeasts and mammals, the
main double-stranded DNA-binding activities at telo-
meres appear to be instrumental in the nucleation of
a complex that relays the inhibitory signal to telomerase.
In budding yeast this scaffolding function is provided by
Rap1, which leads to the recruitment to telomeres both
of the negative telomerase regulators Rif1 and Rif2 (Hardy
et al., 1992; Wotton and Shore, 1997) and of a complex,
including the Sir2, Sir3, and Sir4 proteins, that is involved
in the establishment of a heterochromatin-like state in
subtelomeric regions (Hecht et al., 1996; Moretti et al.,
1994).
The mechanistic details of the protein-counting mecha-
nism have remained obscure. In particular, it is not known
how a short telomere makes itself more accessible to tel-
omerase. In order to gain some insight into this process
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budding yeast that can be individually and dramatically
shortened and to investigate their association with telo-
meric proteins. This analysis has uncovered a remarkable
ability of the telomeric TG tract to impart dynamic changes
on the replication timing of a telomere, depending on its
length. In turn, we have uncovered a surprising correlation
between the timing of replication of a telomere and its
length setting at equilibrium. We propose that this effect
is due to increased telomerase activity at telomeres earlier
in the S phase of the cell cycle, precisely when short telo-
meres are replicated.
RESULTS
A System for the Generation of a Single
Shortened Telomere in Budding Yeast
Because the protein-counting model for telomere-length
regulation postulates quantitative differences in the asso-
ciation of length regulators with individual telomeres as
a function of TG-repeat number, we decided to use chro-
matin immunoprecipitation (ChIP) to investigate the
protein composition of telomeres of different lengths. In
order to generate shortened telomeres we employed
a system based on the excision, by site-directed recom-
bination, of the internal part of a telomere, leaving only the
terminal part of the TG tract on the chromosome (Mar-
cand et al., 1999). To this end, a novel telomere was gen-
erated at chromosome (chr) VII-L by homologous recom-
bination of a cassette containing a terminal tract of TG
sequences for telomere seeding and, immediately inter-
nal to it, a loxP site and an array of 16 inverted Rap1-
binding sites (Figure 1A). A LYS2 marker for selection
and a second loxP site were present upstream of the te-
lomeric part of the cassette. Induction of recombination
between the two loxP sites by galactose-induced expres-
sion of a chromosomal copy of the Cre recombinase
gene resulted in excision of a circle containing the
Rap1-binding sites and in the retention on the chromo-
some of the terminal TG tract. The array of Rap1-binding
sites affected the length of the terminal TG tract as a con-
sequence of its being recognized by the protein-counting
mechanism responsible for regulating telomere length
(Grossi et al., 2001). Thus, immediately after recombina-
tion, a control strain lacking the array of Rap1-binding
sites was found to have normal TG-tract length at the
VII-L telomere (about 280 bp) as expected, whereas
a strain with 16 Rap1-binding sites displayed a significant
reduction in TG-tract length at the same telomere to
about 165 bp (Figure 1B). Importantly, and as previously
described (Marcand et al., 1999), the shortened TG tract
(but not the normal-length one) was rapidly elongated,
which indicates that it is a preferred substrate for telome-
rase action.
Early Association of Cdc13 and Est1 with the
Shortened Telomere at Chr VII-L
Because the shortened telomere is uniquely and efficiently
elongated by telomerase, we decided to investigate its1052 Cell 128, 1051–1062, March 23, 2007 ª2007 Elsevier Inc.Figure 1. Experimental Setup and Measurement of TG-Tract
Length after Recombination
(A) Schematic of the modified left telomere of chromosome VII (chr
VII-L) generated by homologous recombination at the ADH4 locus
with a plasmid-borne cassette containing the elements indicated is
shown. The positions of the PacI and MfeI sites, the probe used
for Southern analysis, and the primers used for real-time PCR are
indicated.
(B) shows analysis of TG-tract length at the modified chr VII-L telomere
after Cre/lox recombination. Cultures were induced in galactose me-
dium for 3 hr and then were switched to YPAD medium for the indi-
cated times before samples were collected and genomic DNA was
analyzed by Southern blotting as described under Experimental
Procedures. The probed gel shows the unrecombined (open triangle)
and recombined (closed triangle) chr VII-L telomere. The last lane
shows a strain (with the 16 Rap1-binding sites) grown for >80 genera-
tions after recombination. The bottom panel reports the quantitation of
TG-tract length of the recombined telomeres that were run in the gel
lanes directly above.
Figure 2. Binding of Cdc13 and Est1 to a Short Telomere at Chr VII-L Occurs Earlier in S Phase
(A) Top panels show FACS analysis of Cdc13-13Myc-tagged strains containing, before recombination, either 0 (left) or 16 (right) Rap1-binding sites at
the modified chr VII-L telomere, upon release from a factor block after Cre/lox recombination. Middle panel shows analysis of Cdc13-13Myc asso-
ciation to the indicated telomeres (the light gray line shows association to the internal PDI1 locus on chr III). In the bottom panel the ChIP data are also
expressed as ratio of signal measured at chr VII-L versus chr VI-R (dark purple), chr V-R (red), and chr XV-L (light purple) telomeres for both the normal
(left) and short (right) chr VII-L telomere strains.
(B) shows analysis exactly as in (A) of Est1-13Myc strains carrying, before recombination, 0 (left) or 16 (right) Rap1-binding sites at the chr VII-L
telomere.association with the telomerase-recruiting factor Cdc13.
In this and most other experiments we analyzed two
strains, which differed by the presence or absence of
the 16 Rap1-binding-site array and which therefore would
bear a terminal TG tract of shortened or normal length, re-
spectively, immediately after recombination, in parallel.
After induction of Cre and arrest of the two strains in the
G1 phase, cells were allowed to progress synchronously
through the cell cycle (Figure 2A, top panels). Following
immunoprecipitation of crosslinked chromatin, we quanti-
fied the association of several telomeres with Cdc13 by
real-time PCR using primers specific for the recombined
telomere at chr VII-L, a marked telomere generated in
the subtelomeric region of chr V-R, and the two native
telomeres at chr VI-R and chr XV-L. In addition, we moni-
tored the telomere-specific nature of Cdc13 chromatin
binding by measuring its association at the nontelomeric
PDI1 locus on chr III. As previously reported (Fisher
et al., 2004; Taggart et al., 2002), we found Cdc13 to be
greatly enriched at telomeres very late in S phase (about
80 min under our experimental conditions) in the reference
strain, although a low level of binding was detectable
throughout the cell cycle (Figure 2A, middle panel, left).
A similar situation was observed for the three unshortenedCtelomeres in the companion strain (Figure 2A, middle,
right). In this strain, however, the shortened telomere at
chr VII-L presented a dramatically altered binding pattern,
with increased association of Cdc13 occurring much ear-
lier in S phase such that significant enrichment above G1
levels was detected at 40 min after release from arrest.
This effect was clearly visible when plotting, for each
time point, the relative enrichment in Cdc13 signal at the
chr VII-L telomere versus each one of the other three telo-
meres (Figure 2A, bottom panel). From this analysis, en-
richment in Cdc13 binding that was specific for the short
VII-L telomere was observed to begin at 40 min and to ex-
tend to about 60 min.
We next decided to see whether this binding behavior
was unique to Cdc13, and we thus followed the timing
of association of a second positive regulator of telomerase
action at the telomere, the telomerase-associated protein
Est1. Like Cdc13, Est1 is enriched at native telomeres late
in S phase (Fisher et al., 2004; Taggart et al., 2002), and we
observed this general pattern of association, with maxi-
mum intensity of binding generally detected at 80 min after
release (Figure 2B, middle panel). However, like Cdc13,
Est1 displayed increased association with the shortened
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from G1 (Figure 2B, middle panel, right). Analysis of rela-
tive enrichment of Est1 binding at chr VII-L versus the
other three telomeres revealed a pattern strikingly similar
to the one described for Cdc13 (Figure 2B, bottom panel).
In summary, these data showed that two of the key
players involved in telomere replication exhibited dynamic
changes in their timing of recruitment to a shortened
telomere at chr VII-L, where binding of both proteins
increased earlier in S phase compared to normal-length
telomeres.
The Shortened Telomere at Chr VII-L Replicates
Early in S Phase
The late S phase telomere binding of Cdc13 and Est1, and
of telomerase itself, is concomitant with the appearance of
the long, single-stranded TG-strand DNA overhangs that
are believed to be instrumental for Cdc13 loading and
telomerase recruitment. Interestingly, the appearance of
these long TG tails has been shown to require the arrival
of the DNA replication fork at the telomere (Dionne and
Wellinger, 1998; Wellinger et al., 1993a). The observed
early recruitment of Cdc13 and Est1 therefore raised the
possibility that telomere shortening might lead to earlier
arrival of the replication fork at the telomere. Due to the
predicted difficulty to detect replication intermediates by
2D gel analysis at telomeres, and particularly at short
ones (Makovets et al., 2004), we decided to address this
issue by analyzing the telomere association of DNA poly-
merase 3 (Pol2) by ChIP (Aparicio et al., 2004; Cobb et al.,
2003). In order to confirm the validity of this established,
albeit indirect, method as a way to determine replication
timing, we extended the analysis to additional loci and
chose DNA-replication origins (ARSs, for autonomously
replicating sequences) whose replication timing is well
characterized: the early-firing ARS607 from chr VI, the
two late-replicating ARS522 from chr V and ARS1412
from chr XIV, and the PDI1 locus, which is adjacent
(10 kb) to the early-firing ARS305 on chr III. The analysis
of replication timing of the above-mentioned loci and the
four telomeres, as determined in a genome-wide study
(Raghuraman et al., 2001), is illustrated in Figure 3A. We
found that association of Pol2 with the four nontelomeric
loci correlated well with expectations: the two early-firing
origins ARS607 and ARS305 associated early in S phase
with Pol2 (at 40 min after release from the G1 block,
with ARS305 being, as expected, slightly later than
ARS607; Figure 3C, top panel), and the late-firing origins
ARS1412 and ARS522 associated later in S phase with
Pol2 (at about 60 min; Figure 3C, top panel).
Analysis of replication timing of the telomeric loci also
revealed, as expected, that the three reference telomeres
replicated very late in S phase, at 80 min (Figure 3C, bot-
tom panel). Only the chr XV-L telomere, one of the earliest
replicating telomeres (Raghuraman et al., 2001), was
occasionally found to replicate at 70 min. The chr VII-L
telomere was also found to display a peak association of
Pol2 at 80 min at normal length (Figure 3C, bottom panel,
left), but, strikingly, when shortened it displayed a bimodal1054 Cell 128, 1051–1062, March 23, 2007 ª2007 Elsevier Inc.distribution of association with peaks at 40 and 70 min
(Figure 3C, bottom panel, right). Significantly, the early
peak at 40 min coincided in timing with the preferential
enrichment in Cdc13 and Est1 binding to the short telo-
mere (Figures 2A and 2B, bottom panels). The bimodal
distribution of Pol2 binding at the shortened telomere is
most easily explained by the presence of two populations
of telomeres, early- and late-replicating, both of which
bind Cdc13 and Est1 at the time of their replication. Con-
sistent with this interpretation, early recruitment of Cdc13
and Est1 at early-replicating telomeres in yku cells has
Figure 3. Replication in Early S Phase of a Shortened Telo-
mere at Chr VII-L
(A) Schematic representation of the timing of DNA replication in
S phase of various loci, as reported in Raghuraman et al. (2001). The
replication timings reported in the cited work, where arrest/release
was performed in conditions different from ours, are as follows for
ARS607, ARS305 (by this we refer to a site 10 kb from ARS305, within
PDI1), ARS1412, ARS522, and the chr XV-L, V-R, VII-L, and VI-R
telomeres, respectively: 12.8, 18.5, 29.6, 32.5, 33.6, 35.4, 37.6, and
49.2 min.
(B) FACS analysis of Pol2-13Myc-tagged strains containing either
0 (left) or 16 (right) Rap1-binding sites at the VII-L telomere as in Fig-
ure 1, top panels.
(C) shows analysis of Pol2 association with loci indicated in (A) and with
telomeres indicated at bottom, which was performed by ChIP against
Pol2-13Myc. For clarity, for each strain data from the same experiment
were broken into two panels reporting association of Pol2-13Myc with
either nontelomeric (top) or telomeric (bottom) loci.
Figure 4. Replication of a Shortened Telomere at Chr V-R Is
Slightly Anticipated
(A) Analysis of TG-tract length at the modified telomere of chr V-R gen-
erated by homologous recombination at the subtelomeric YER188W
locus with a plasmid-borne cassette as indicated in Figure 1A is
shown. Average TG-tract length at the modified chr V-R telomere after
recombination by galactose-regulated Cre recombinase was mea-Cbeen previously reported (Fisher et al., 2004). In this view,
the broad peaks of Cdc13 and Est1 binding at the short-
ened telomere are the result of two overlapping peaks de-
rived from different populations of telomeres, rather than
reflective of prolonged association by these factors.
Replication Timing of a Shortened Telomere
at Chr V-R Is Also Altered
We next wanted to determine whether the effect on
telomere replication timing observed at chr VII-L upon
telomere shortening was specific to that particular chro-
mosome or of a more general nature. Therefore, we gen-
erated strains that, upon induction of Cre, would bear
a shortened telomere on chr V-R (Figure 4A).
Analysis of replication timing in strains carrying either
0 or 16 Rap1-binding sites at the modified telomere on
chr V-R revealed the expected replication pattern for the
ARS elements examined (Figure 4B, top panel) with one
notable difference: a shift to earlier replication timing
(beginning at 40 min, instead of the usual 60 min) for
ARS522 in the presence of a shortened chr V-R telomere
(Figure 4B, top panel, right). Interestingly, ARS522 (also
known as ARS501) is the first origin encountered inwards
from the modified telomere on the well-characterized chr
V (Tanaka et al., 1996). Thus, this result suggests that
shortening of the telomere led to relief of the normal late
replication timing imposed by telomeres on subtelomeric
origins (McCarroll and Fangman, 1988).
The association of Pol2 with the four telomeres of nor-
mal length was again found to peak at 80 min (Figure 4B,
bottom panel). However, the shortened chr V-R telomere
displayed a 10 min shift in its timing of association, with a
peak at 70 min (Figure 4B, bottom panel, right). The 10 min
shift at the chr V-R telomere is likely due to the earlier
firing of the subtelomeric origin ARS522 that is observed
when the TG tract is shortened. A similar shift had been
observed in the late S phase peak at the shortened VII-L
telomere (Figure 3C, bottom panel, right) and is likely
due to earlier firing of a subtelomeric ARS on chr VII-L
(see below). The link between the Pol2 association ob-
served at a telomere and subtelomeric origin firing was
directly demonstrated in strains in which we deleted
ARS522. In these strains, replication of the ARS522 region
was found to occur much later than normal (presumably
from the distant ARS521) and to peak at about 80–100
min after release from G1 block (Figure 4C, top panel).
Accordingly, in these strains association of Pol2 with
the chr V-R telomere was found to increase only after
100 min (Figure 4C, bottom panel).
sured as in Figure 1. The last lane shows a strain (with the 16 Rap1-
binding sites) grown for >80 generations after recombination.
(B) and (C) show analysis of Pol2 association to the indicated loci as in
Figure 3. Strains at left carried 0 Rap1-binding sites before recombina-
tion, whereas strains at right had 16 (data from the same experiment
were broken into two panels). Strains in (C) lacked ARS522 on chr V.
The subtle shift in the late replication peak at the short telomere
(from 80 to 70 min) was reproducibly observed in several experiments
(see for example Figures 5B and 5C; data not shown).ell 128, 1051–1062, March 23, 2007 ª2007 Elsevier Inc. 1055
Although the shortened chr V-R telomere displayed
a clear shift (10 min) in its late S phase replication peak,
it did not show the striking early S phase replication profile
of the shortened chr VII-L telomere (compare Figure 4B,
bottom panel, right, with Figure 3C, bottom panel, right).
Because of the above-demonstrated link between the
replication timing of a telomere and its nearest origin, we
looked for potential differences in the subtelomeric distri-
bution of origins in the two chromosomes. The genome-
wide analysis of replication timing in budding yeast
mentioned earlier (Raghuraman et al., 2001) identified an
origin near the chr VII-L telomere, located roughly at
16 kb from the chromosome end, which would place it in
the immediate proximity of the shortened, recombined
telomere (see Figure S1A). We propose that the difference
in replication timing of the shortened telomeres at the two
chromosomes is due to early activation at chr VII-L of this
telomere-proximal origin. This interpretation is corrobo-
rated by the finding that the 40 min peak of Pol2 associa-
tion at a shortened chr VII-L telomere was abolished in
strains carrying a deletion spanning the region between
the ADH4 and FZF1 genes, suggesting that the early-firing
origin is indeed located in this region (see Figure S1B).
Consistent with this view, we found that a chromosomal
fragment 16–18 kb from the left telomere confers ARS
function in vivo to a plasmid, in broad agreement with
the origin-mapping results by (Raghuraman et al., 2001;
see Figure S1A).
The Presence of a Subtelomeric ARS from
an X Element Leads to Early Replication
of a Shortened Telomere
The first subtelomeric origin on chr V is about 20 kb from
the insertion point of the cassette at this chromosome.
In order to test the idea that early firing of an origin situated
in the near proximity to the TG tract is the reason for early
replication of the shortened VII-L telomere, we introduced
a core subtelomeric X (XC) element just internal to the
centromere-proximal loxP site so that after recombination
it would find itself adjacent to the terminal TG tract. XC
elements are found at all telomeres in budding yeast and
contain origins of DNA replication that are normally either
dormant or late replicating (Louis and Vershinin, 2005). In
strains carrying this construct we indeed observed early
S phase (40 min) replication of telomere V-R that was de-
pendent on a short TG tract (Figure 5B, bottom panel,
right), which was reminiscent of the situation at the short-
ened chr VII-L telomere. These data suggest that the origin
in the XC element was firing early in a large fraction of cells
carrying the short chr V-R telomere but not in cells with a
normal-length terminal TG tract (Figure 5B, bottom panel,
left). In the absence of direct data from 2D gel analysis and
in order to confirm that early replication of the short chr
V-R telomere was due to firing of the XC ARS, we con-
structed strains that carried a mutated version of its ACS
(ARS consensus sequence). As expected, mutation of the
ACS abrogated the early S phase peak of Pol2 association
with the short V-R telomere, leaving unaltered the 10 min1056 Cell 128, 1051–1062, March 23, 2007 ª2007 Elsevier Inc.Figure 5. Replication in Early S Phase of a Shortened Telo-
mere at Chr V-R Flanked by an X-Core Element
(A) shows timing of DNA replication of various loci, as in Figure 3A.
(B) Analysis of Pol2 association with the loci indicated in (A), exactly as
in Figure 4B, but, in both strains, the cassette for generating the recom-
bination-competent telomere at chr V-R carried an XC element (from
telomere V-R) on the centromeric side of the proximal loxP site (at
the PacI site indicated in Figure 1A). After recombination the XC
element lay within about 300 bp from the terminal TG tract. The XC
element and its ARS consensus sequence (ACS) are indicated at bot-
tom of figure (an XC element was also present at the endogenous chr
VI-R and XV-L telomeres, unlike at the marked telomere at chr VII-L).
Data from the same experiment have been broken into two panels
(also in C).
(C) Analysis of Pol2 association as in (B) on strains with 16 Rap1-
binding sites. The strain at left had a wild-type XC ACS site, whereas
in the strain at right the XC ACS was mutated from TTTTATGTTTA to
TTTTATGacaA.
shift of late S phase association due to earlier firing of
ARS522. These results suggest that early firing of subtelo-
meric origins might be a general phenomenon at yeast
telomeres upon TG-tract shortening.
A Short Telomere Fails to Fully Delay an Early-Firing
Subtelomeric Origin but Can Partly Anticipate
Firing of a Late One
The early S phase association of Pol2 at the shortened chr
V-R telomere in the presence of a subtelomeric XC ARS
could in principle be due either to failure of the short telo-
mere to delay (or inhibit) the origin from its early-firing state
or to its ability to anticipate (or possibly activate) it from
a late (or dormant) state. In order to discriminate between
these two possibilities, we investigated the timing of rep-
lication of the XC element in the V-R constructs before
recombination. Interestingly, and contrary to the situation
where the XC ARS was immediately adjacent to a normal-
length terminal TG tract (Figure 5B), we found that, in the
absence of recombination, the XC element at chr V-R
associated early in S phase with Pol2, both in constructs
carrying 0 and 16 Rap1-binding sites (Figure 6B, left and
right panels, respectively). These results indicate that,
after Cre-mediated recombination, the terminally located
XC ARS can be effectively delayed (or inactivated) by a
normal-length telomere tract but only partially so by a short
one (Figure 5B, bottom panel).
Because ARS elements in terminal subtelomeric repet-
itive elements are generally either dormant or late replicat-
ing (Ferguson et al., 1991; Makovets et al., 2004; Mc-
Carroll and Fangman, 1988; Poloumienko et al., 2001;
Stevenson and Gottschling, 1999), we wished to deter-
mine whether a short telomere is able to change their
replicative dynamics to an early-firing state. In order to
attempt to delay or inhibit the firing from the XC ARS at
the unrecombined V-R locus, we inserted next to it an
array of 32 Rap1-binding sites, reasoning that spreading
of the heterochromatin from the telomere to these Sir-
recruiting elements might produce the desired effect.
Indeed, with these constructs in the absence of recom-
bination we observed late replication of the sequences
immediately adjacent to the XC element, (Figure 6C, top
panels, in light blue), most likely due to late firing, rather
than inactivation, of the XC ARS (see Figure S3B). Strik-
ingly, after recombination of these substrates, we were
again able to detect, in the presence of a short TG tract,
an early peak of Pol2 association at the V-R telomere (Fig-
ure 6C, bottom panel, right). Thus, these results suggest
that a shortened telomere has the ability to induce the
early firing of a previously late-firing origin.
A Distance-Dependent Effect of DNA-Replication
Origins on TG-Tract Length
Given the preferential action of telomerase on short telo-
meres, the observed ability of a short telomere to induce
its own early S phase replication raised the possibility
that the disposition of replication origins in proximity to
a telomere might play a role in regulating telomeraseCaction and thus in determining TG-tract length at equilib-
rium. We therefore set out to measure telomere length at
chr V-R in a variety of chromosomal settings where the
configuration of subtelomeric origins of replication was
varied (Figure 7A). To begin with, we noted (see also Fig-
ures 1B and 4A) that the presence of an active XC-element
origin at 9 kb from the telomere (as shown in Figure 6B)
led to a longer TG tract in strains bearing the internal array
of 16 Rap1-binding sites (Figure 7A, compare construct
2 with constructs 1 and 3), suggesting that the timing of
firing of the most telomere-proximal origin (and, as a re-
sult, the timing of replication of the telomere) had an effect
on the protein-counting mechanism that sets telomere
length in cis.
To investigate further the idea that early replication
leads to longer telomeres, we then looked at TG-tract
length in constructs devoid of the Rap1-binding sites but
composed only of bona fide telomere repeats (Figure 7A,
constructs 4–7). Two constructs lacked (4 and 6) or bore
(5 and 7) the active subtelomeric XC ARS, and two in
addition lacked (6 and 7) the most-terminal endogenous
ARS in the chromosome, ARS522. Interestingly, when
ARS522 was present at its normal locus, about 29 kb
from the terminal TG tract, the presence of an active sub-
telomeric XC ARS had an effect on telomere length in cis,
leading to a longer TG tract (compare 4 and 5, p = 0.0335).
The effect of deleting ARS522 in absence of the XC ARS
was also quite prominent (compare 4 and 6, p = 0.0008),
with loss of the ARS leading to considerably shorter telo-
meres, likely due to the large difference in replication tim-
ing for the chr V-R telomere for these two constructs. The
largest difference in telomere length determined by the
insertion of the subtelomeric XC ARS was seen when
ARS522 was absent (compare 6 to 7, p = 0.0085), consis-
tent with the predicted larger difference in replication tim-
ing for the chr V-R telomere in these two strains. Impor-
tantly, introduction of the subtelomeric XC ARS in the
context of ARS522 absence largely eliminated TG-tract
differences due to the lack of ARS522 (compare 5 and 7,
p = 0.2547). Finally, upon recombination and stabilization
of the telomere, the XC ARS appeared to lose its effect on
telomere length (compare 8 and 9, p = 0.6815), consistent
with its being in the late or off state in this context
(Figure 5B). However, as expected, even at recombined
telomeres the effect of ARS522 loss on telomere length
was retained (compare 8 and 10, p = 0.0004, and 9 and
11, p = 0.0014). All of these differences in TG-tract length
were specific to the chr V-R telomere, as the chr VII-L
telomere in these same strains did not show significant
differences (data not shown). These results, taken to-
gether, revealed a striking link between replication timing
of the chr V-R telomere and its TG-tract-length setting,
with late replication correlating with shorter telomere
length and vice versa. These findings therefore strongly
suggested that the replication timing of a telomere affects
telomerase activity in cis at that telomere. We addressed
this idea further by investigating the elongation rate of
an early-replicating V-R shortened telomere in comparisonell 128, 1051–1062, March 23, 2007 ª2007 Elsevier Inc. 1057
Figure 6. Early Replication of a Shortened Telomere at Chr V-R Can Occur Both due to Failure to Delay an Early Origin or to
Anticipation of a Late One
(A) Timing of DNA replication in S phase of various loci, as in Figure 3A, is shown.
(B) Analysis of Pol2 association, in the absence of recombination, at ARS607, 1412, 522, the normal-length endogenous chr VI-R and XV-L telomeres,
and the XC ARS (by analysis of sequences immediately adjacent to it, shown in light blue) in strains bearing the indicated cassettes at chr V-R. Within
each panel in both (B) and (C), data from one single experiment are shown.
(C) Top panels show analysis of indicated constructs at chr V-R before recombination as in (B). Bottom panels show analysis of Pol2 association to the
loci indicated in (A) in the same two strains as in top panels after recombination. In (B) and (C) constructs in strains at left and right panels bore
0 or 16 distal Rap1-binding sites, respectively. In addition, constructs in strains in (B) bore 0 proximal Rap1-binding sites, whereas constructs in
strains in (C) had 32.to a late-replicating counterpart. The amount of TG-tract
elongation achieved within one synchronous cell cycle,
under our well-characterized arrest/release conditions,
was measured by Southern blotting. We detected a signif-
icantly larger amount of average TG-repeat addition at the
early-replicating shortened telomere (Figures 7B and S4),
consistent with the results obtained at stable telomeres.1058 Cell 128, 1051–1062, March 23, 2007 ª2007 Elsevier Inc.To begin to address the possible mechanisms leading
to the observed differences in TG-tract length, we investi-
gated the association of telomere factors with shortened
chr V-R telomeres replicating at different times. As ex-
pected, and as seen for the chr VII-L telomere (Figure 2A),
the presence of a subtelomeric XC ARS led to early S
phase association of the Cdc13 protein with the shortened
Figure 7. Effect of Subtelomeric Origin of Replication Config-
uration on Telomere Length
(A) shows a table summarizing measurements of terminal TG-tract
length at the chr V-R telomere carried out as described in Figures 1
and 4. Strains with constructions 1–7 and 8–11 were analyzed imme-
diately or about 80 generations after site-specific recombination at
the chr V-R locus, respectively. The presence of a wild-type (black
dot) or mutated (red X) ACS at the XC elements is indicated.
(B) Six 50 ml cultures were induced in galactose medium, arrested in
G1 with a factor, and released into a synchronous cell cycle at 18C.
At 0 and 120 min after release from the block, cells were instantly killed
with 0.1% sodium azide, and DNA was extracted and subjected to
Southern analysis as described above. The quantification shown indi-
cates averages and standard deviations of 6 (‘‘early’’) and 5 (‘‘late’’)
samples.Ctelomere, whereas the presence of a mutated ARS did not
(Figure 7C, top panel). Interestingly, however, Rif1, the
negative regulator of telomere length, displayed a mark-
edly different association profile with telomeres, with
steadily and slowly increasing association throughout
the cell cycle (Figure 7C, bottom panel). For Rif1, associ-
ation of the protein to all telomeres was higher at 70–80
min (the replication timing for normal-length telomeres)
than it was at 40 min (the replication timing, in a substantial
fraction of the cells, of the shortened telomere bearing
a wild-type XC ARS). Because the telomere-association
profile for Rif1 was unchanged at the early- and late-
replicating short telomeres, the shift to replication earlier
in S phase resulted in lower amounts of Rif1 bound at
this telomere at the time of telomerase action compared
to normal-length, late-replicating telomeres.
DISCUSSION
Regulation of Timing of DNA Replication
by Telomere Length
An effect of the proximity of telomeres on DNA replication
timing has long been recognized in budding yeast, where
telomeres are late replicating (McCarroll and Fangman,
1988). Terminal telomeric sequences (TG tracts) appear
to have the ability to delay origin firing in yeast (Ferguson
and Fangman, 1992), and some of the genetic require-
ments responsible for this phenomenon have been uncov-
ered. At an unmodified chr V-R telomere, which contains
both an X and a Y0 subtelomeric-type repeat (found at all
and most yeast telomeres, respectively, and both contain-
ing functional ARSs), Sir-protein-mediated heterochroma-
tin formation (characterized primarily as gene silencing or
telomere-position effect [TPE]) also has an effect both on
the timing of the firing of the Y0 ARS and on the efficiency
of the firing of the X-element ARS, as revealed in cells
devoid of Sir3 (Stevenson and Gottschling, 1999). Fur-
thermore, loss of the Yku protein, which also plays an
important role in TPE, has been found to have an even
more potent effect than Sir3 deletion on the relief of this
telomere-imposed delaying effect on origin firing (Cos-
grove et al., 2002). Although the mechanism of action of
Yku on the regulation of subtelomeric origins is unclear,
because of its multiple functions at telomeres, these ob-
servations are consistent with the idea that telomeric het-
erochromatin plays a role. Because the effect of Yku on
subtelomeric origin firing is more potent than the one ob-
served with Sir3 and because yku cells, as opposed to sir3
cells, have very short telomeres, the possibility is raised, in
light of our observations, that part of the effect of Yku on
telomere replication might be due to reduced telomere
length.
(C) Analysis of Cdc13 (top panel) or Rfi1 (bottom panel) association
with shortened chr V-R telomeres (and three normal-length reference
ones) with wild-type (left) or mutated (right) XC ACS (thePDI1 reference
locus is in gray) is shown.ell 128, 1051–1062, March 23, 2007 ª2007 Elsevier Inc. 1059
The determinants of the scheduling of origin activation
elsewhere in the genome are not well defined, but several
studies also point to a role for chromatin, as indicated by
earlier firing of late origins in mutants of the Rpd3 histone
deacetylase (Aparicio et al., 2004; Vogelauer et al., 2002).
In addition, either juxtaposition of a silencer or targeting of
Sir4 next to an early origin delays its firing (Zappulla et al.,
2002). These observations, combined with the fact that
longer telomeres display a stronger TPE effect (Kyrion
et al., 1993), suggest that the early firing of subtelomeric
ARSs that we observe in the proximity of short telomeres
might be linked to a reduced ability of short telomeres to
assemble the silencing complex. However, because telo-
mere position effects on replication origins spread to
much longer distances than those observed on transcrip-
tion (Cosgrove et al., 2002), the regulation of origin firing
and transcriptional status by telomeric heterochromatin
might not be phenomena with identical characteristics
and requirements.
Regulation of Telomere Length by Timing
of DNA Replication
The arrival of the replication fork at telomeres appears to
dictate the initiation of the events that lead to their elonga-
tion by telomerase (Dionne and Wellinger, 1998; Marcand
et al., 2000; Wellinger et al., 1993a). We have uncovered
a link between the timing of fork arrival at the telomere
and telomere length that shows that telomerase activity
in yeast is under regulation by the timing of telomere rep-
lication in S phase. This conclusion is based both on the
effects on telomere length seen by the introduction of an
early ARS at a subtelomeric region at about 9 kb from
the telomere and by the removal of the first endogenous
ARS on the chromosome at about 20 kb from the telo-
mere. In summary, earlier replication correlated with in-
creased telomere length. Because the TG-tract shortening
rate observed in telomerase-negative backgrounds is in-
dependent both of telomere length and of the heterochro-
matic status of telomeres (Marcand et al., 1999) it follows
that the differences in telomere length as a function of telo-
mere replication timing that we have described are reflec-
tive of increased telomerase action at early-replicating
telomeres, which is a conclusion that is supported by
the measurement of elongation rate at early- or late-
replicating shortened telomeres.
Precisely which aspects of telomerase action are regu-
lated by telomere replication timing is presently unclear,
but we provide evidence that Rif1 might play a role due
to lower detectable levels of bound Rif1 at early-replicat-
ing telomeres. Rif1 has been found to affect the frequency
of elongation events by telomerase (Teixeira et al., 2004). It
is possible that changes in the timing of telomere replica-
tion might affect telomere length due to an increase in the
frequency of elongation events, perhaps due to a switch
to a more ’’open’’ state of the telomeric complex earlier
in S phase.
Our study suggests that subtelomeric repetitive ele-
ments in yeast, which contain origins of DNA replication,1060 Cell 128, 1051–1062, March 23, 2007 ª2007 Elsevier Inc.exert a regulatory effect on telomerase due to their effect
on the replication timing of shorter telomeres. Such a role
for subtelomeric repeats might help to explain why both
types of major repeat elements, X and Y0 elements (Louis
and Vershinin, 2005), contain functional origins. Although
some X ARSs are dormant and some are not, and most
of the Y0 ARSs appear to fire, origins found in subtelomeric
yeast elements are thought to fire late (Ferguson et al.,
1991; Makovets et al., 2004; McCarroll and Fangman,
1988; Poloumienko et al., 2001; Raghuraman et al.,
1997; Stevenson and Gottschling, 1999). Even though
we have not looked specifically at the effect of telomere
shortening on Y0-element origin firing, we anticipate that
early S phase firing takes place at these origins as well,
based on the fact that we observed the same phenome-
non at an endogenous origin on chr VII-L and an exoge-
nously introduced X-element ARS on chr V-R. Consistent
with this prediction, more internally located Y0 ARSs have
been reported to fire earlier than distal ones, possibly be-
cause of a diminishing repressive effect of the telomere at
increased distances (Makovets et al., 2004).
It is presently unknown whether origins of DNA replica-
tion are embedded in the subtelomeric elements found in
other organisms. However, fission yeast telomeres are
both late replicating and exert a transcriptional silencing
effect on nearby genes (Kim et al., 2003; Nimmo et al.,
1994), and thus subtelomeric origins in this organism
might be subjected to a similar type of regulation. Mam-
malian telomeres have been shown to replicate through-
out the S phase of the cell cycle (Hultdin et al., 2001;
Ten Hagen et al., 1990; Wright et al., 1999), and in partic-
ular the telomeres of individual Indian muntjac chromo-
somes have been found to replicate at specific times dur-
ing S phase (Zou et al., 2004). It therefore appears that
a mechanism of telomerase regulation by the timing of
DNA replication in mammals would regulate telomerase
differently at individual telomeres. It is not known whether
telomere shortening leads to earlier replication or activa-
tion of subtelomeric origins in mammalian cells, though
telomere elongation has been shown to affect replication
of some telomeres in Indian muntjac cells (Zou et al.,
2004). Interestingly, a transcriptional silencing effect ex-
erted by human telomeres has been described whose
strength is proportional to the length of the telomere
(Baur et al., 2001). In addition, in at least two instances
in human cells, juxtaposition of early- and middle-replicat-
ing regions to a telomere changed their replication timing
to late S phase (Ofir et al., 1999; Smith and Higgs, 1999).
Thus a telomere-position effect on subtelomeric origins
in mammals remains a distinct possibility.
In conclusion, results reported here reveal a surprising
epigenetic effect of telomeric TG-tract length on the timing
and activity of subtelomeric origins of DNA replication in
yeast. Interestingly, the activation of replication origins
by short TG tracts feeds back positively on their own
telomerase-mediated replication, raising the possibility
that other organisms might make use of this regulatory
mechanism.
EXPERIMENTAL PROCEDURES
Strains and Plasmids
A list of the strains used and the methods used to generate them is
included in Table S1. All strains were generated in the W303 back-
ground (RAD5+). The plasmids used to generate the short telomeres
at the ADH4 and YER188W loci by site-specific recombination are
listed in Table S2.
Induction of Recombination and Synchrony
Overnight cultures in 50 ml of SC medium lacking lysine and containing
2% raffinose were diluted into 350 ml of YPA 3% galactose. After
3–3.5 hr at 30C, cultures at a density of 13 107 cells/ml were blocked
by treatment with 2 mM a factor for 130 min in YPAD at 30C. The arrest
was removed by washing away the a factor, and then cultures were
released into a synchronous cell cycle by putting cells in YPAD me-
dium at 18C.
Southern Blotting
Southern blotting was carried out on PacI/MfeI-digested genomic DNA
separated on 1.5% agarose gels. Hybridization was carried out with
a probe (A7Lprb1) specific for the recombinable telomeric loci and
a second probe (Fas1prb1) that recognizes fragments of 266 and
970 bp on PacI/MfeI-digested DNA at the FAS1 locus. These bands
were used as in-lane standards for the determination of average
TG-tract length at the telomeres detected by the A7Lprb1 probe using
a Bio-Rad PersonalFX Imager and Quantity-One software. In the
experiment described in Figure 7B these probes were labeled with
digoxigenin, and blots were processed according to instructions
from the manufacturer (Roche). Analysis of the significance of TG-tract
length measurements in Figure 7A was by Student’s t test.
ChIP
ChIP was performed as described previously (Bianchi et al., 2004;
Fisher et al., 2004). Briefly, after crosslinking in 1% formaldehyde, cells
were lysed and sonicated. Immunoprecipitations were carried out with
anti-Myc 9E10 (Clontech) and ProteinG Dynabeads (Dynal) against
C-terminally 13Myc-tagged proteins. Both an aliquot of sonicated
cleared extract (input) and the immunoprecipitated material were de-
crosslinked in TE plus 1% SDS at 65C for at least 8 hr. Quantitation
of immunoprecipitated DNA was obtained by real-time PCR using
SYBR Green detection (Pfaffl, 2001) and expressed as percent of start-
ing (input) material. A nontelomeric reference DNA from the PDI1 locus
near ARS305 was always included in the analysis. Primers used are
listed in Table S3.
Supplemental Data
Supplemental Data include four figures, three tables, and references
and can be found with this article online at http://www.cell.com/cgi/
content/full/128/6/1051/DC1/.
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